Site-saturation libraries of the Pseudomonas fluorescens esterase were created targeting three surface positions to increase its thermostability on the basis of the B-factor iterative test principle. All three positions were saturated simultaneously using our recently developed protocol for the design of 'small, but smart' mutant libraries bearing only consensus-like mutations. Hence, the library size could be significantly reduced while ensuring a high hit rate. Variants could be identified that showed significantly improved stability (88C higher compared with the wild type) without compromising specific activity. Subsequent iterative saturation mutagenesis gave an esterase mutant with a 98C increased melting point, but unchanged catalytic properties.
Introduction
Application of enzymes in biotechnological processes requires stable biocatalysts that can be recycled and reused efficiently in order to make the process economic and competitive to conventional chemical synthesis. This includes a prolonged stability under process conditions such as elevated temperature, presence of organic solvents, high substrate or product concentration, etc. (Lehmann and Wyss, 2001; Savile et al., 2010) . Since the stability of proteins is rather a function of the overall structure and thus is not limited to a particular site, the prediction of mutations with desired effects is still a challenging task in protein engineering (Fagain, 1995; Iyer and Ananthanarayan, 2008) . Moreover, the limited knowledge about what exactly causes the instability of proteins makes it even more difficult to engineer enzyme stability using rational approaches. Consequently, random mutagenesis followed by screening in a microtiter plate format in directed evolution experiments has been the method of choice to engineer this particular property (Kim et al., 2004; Suen et al., 2004; Eijsink et al., 2005; Johannes et al., 2005) . The alternative use of selection to find thermostable variants is less often used as the establishment of suitable systems is difficult except for the use of thermophilic bacteria such as Thermus thermophilus as production strain (Tamakoshi et al., 2001) . A smart selection system was reported by Hecky and Müller (2005) , based on the assumption that the overall integrity of the protein correlates with its thermostability. The C-terminus of a b-lactamase was truncated resulting in an unfolded protein. Subsequently, directed evolution was applied in order to regain the enzyme's solubility by introduction of mutations. After three rounds of random mutagenesis and DNA shuffling followed by selection on agar plates containing increasing concentrations of antibiotics a couple of soluble and active variants could be identified. Once re-elongated to create again the full-length protein containing the beneficial mutations, the enzyme had a 208C higher melting point than the wild type and a significantly shifted temperature optimum.
Compared to enzyme properties that are directly related to substrate binding and conversion such as enantioselectivity or substrate specificity, the prediction of mutagenesis sites that influence the stability is difficult. To overcome these challenges, computational tools have been developed that assist to guide the engineering of thermostability (Potapov et al., 2009) . These can either be based on the packing of the protein core (Malakauskas and Mayo, 1998; Filikov et al., 2002) or on electrostatical interactions on the protein surface (Strickler et al., 2006) . A different approach takes advantage of the available protein sequences and structure data. This so-called consensus approach is a well-established strategy to improve the thermostability and has been used successfully (Lehmann et al., 2002; Polizzi et al., 2006) .
The basis for this approach is the assumption that amino acids that appear frequently on particular positions within a representative set of structurally similar enzymes have a positive effect on the overall integrity. By incorporation of those mutations into the targeted protein, its stability might be positively affected. The most recently developed method to engineer the thermostability of proteins is the so-called 'B-factor iterative test' (B-FIT) (Reetz et al., 2006) . Here, amino acids were chosen for mutagenesis that show high B-factors in the X-ray structure. The B-factor can be explained as a measure for the size of the smear around the average position of an amino acid in the structure, which is believed to go along with the protein flexibility and thus indicates thermolability. Residues that show high B-factors are then subjected to (iterative) saturation mutagenesis. This concept has been very successfully used to dramatically improve the thermostability of a Bacillus subtilis lipase A (Reetz et al., 2006) .
Although the B-FIT method has been shown to be an useful concept, its application is hampered by the library size to be screened. For instance, simultaneous saturation mutagenesis at three positions using the NNK-codon results in 32 3 different codon combinations coding for 20 3 or 8000 enzyme variants. Taking in account the required oversampling, approximately 95 000 variants need to be investigated in the microtiter plate format (Reetz et al., 2008) .
In this study, we used an alternative strategy to create a 'small, but smart' mutant library for site-saturation mutagenesis. We recently developed that approach and used it successfully to alter the enantioselectivity and substrate specificity of the Pseudomonas fluorescens esterase (PFE) . The principle of this method is that only those amino acids are incorporated on the targeted positions that appear frequently in a large set of structurally related proteins. The difference compared to the consensus approach described earlier (Lehmann et al., 2002; Polizzi et al., 2006) is that not only one amino acid is placed in each position, but a whole library of those that appear most often in nature. Thus a pool of consensus mutants is created harboring a significantly higher fraction of structurally intact proteins compared with conventional saturation mutagenesis in which usually all 20 amino acids are incorporated. Besides an increased fitness of the library, the screening effort is substantially reduced. Hence, simultaneous saturation mutagenesis of various positions at the same time is possible allowing to cover possible cooperative effects of mutated sites.
We chose PFE (Krebsfänger et al., 1998) as model enzyme for the verification of this concept, as it has been extensively investigated by protein engineering to alter its enantioselectivity and substrate specificity (Horsman et al, 2003; Schliessmann et al., 2009) . Additionally, it represents a relatively robust protein that can be easily overexpressed in Escherichia coli.
However, the stability of this enzyme has never been addressed, although we noticed that beneficial mutations for the desired property led to decreased protein stability or formation of protein aggregates (Schmidt et al., 2006; Jochens et al., 2009) . To create a more robust starting enzyme for upcoming protein engineering efforts and for its application in biocatalysis, the aim of this work was to improve the stability of PFE based on mutagenesis at positions selected by the B-FIT approach. Furthermore, we aspired to prove that our concept of creating small, but smart mutant libraries is as well suitable to engineer the stability of proteins.
Materials and Methods

Construction of the libraries
The following reaction mixture was prepared: 40.7 ml destilled water, 5 ml buffer B, 1 ml dNTP (10 mM each), 1 ml plasmid pJOE2792.1 (50 nmol/ml) containing the gene enconding PFE (Krebsfänger et al., 1998) , 1 ml forward primer (12.5 nmol/ ml), 1 ml reverse primer (12.5 nmol/ml), 0.3 ml Pfu þ DNA polymerase. The mixture was separated in two PCR tubes and the reaction was performed using the following conditions: (i) 1 cycle 958C, 180 s; (ii) 16 cycles 958C, 45 s; 588C, 45 s; 728C, 360 s; 1 cycle 728C, 600 s. Afterwards 0.5 ml DpnI was added and the samples were incubated for 1 h at 378C followed by enzyme denaturation for 10 min at 808C. Chemo-competent E.coli cells (DH5a) were transformed with 5 ml amplified plasmid and plated out on LB AMP plates. 
Cultivation and cell harvest
Transformants were grown on agar plates at 378C to an appropriate size and picked into microtiter plates by a colony picker (Geneworx, Holzkirchen, Germany). The colonies were grown overnight in 180 ml LB AMP at 200 rpm and 378C. The protein expression was induced by adding 20 ml of a (L)-rhamnose solution (1% w/v) using a pipetting robot (Tecan, Männedorf, Switzerland) followed by additional 2.5 h incubation at 378C. Finally, the cells were centrifuged for 45 min and 1935 g and lysed by treatment with BugBuster (1% v/v in phosphate buffer, 50 mM, pH 7.5) and DNase (1 mg/ml) for 1 h at 378C and 200 rpm.
Activity assay
After cell disruption as described above, 15 ml of the crude cell extract was added to 255 ml phosphate buffer (50 mM, pH 7.5), mixed and 100 ml of this solution was transferred to a new microtiter plate for incubation at 48C for 16 h. The plates containing the residual 170 ml per well were covered by a foil and incubated at 628C for 16 h. Afterwards the heated plates were centrifuged at 1935 g for 1 min and 100 ml solution per well was transferred to a new microtiter plate. The activity of the enzymes in both plates (incubation at 48C or 628C) was measured at 258C at 410 nm for 5 min after adding 10 ml of a p-nitrophenyl acetate solution (10 mM in DMSO) using an extinction coefficient of 14 400 M 21 cm 21 for p-nitrophenol.
Cultivation, purification and characterization of PFE wild type and mutants Shake flasks with 250 ml LB Amp media were inoculated with 2.5 ml overnight culture of PFE wild type or the mutants. When OD 600 of 0.5 was reached, protein expression was induced by adding 2.5 ml (L)-rhamnose solution (20% w/v) and cultures were incubated for additional 5 h. Afterwards the cells were centrifuged (15 min at 4355 g), washed twice with Tris -HCl (20 mM, pH 7.5, 500 mM NaCl) and disrupted using a FastPrep-24 bead mill. After centrifugation (15 min at 8173 g), the enzyme was purified using an Ä ktaPurifier and a 5 ml HisTrap crude FF column. The protein was eluted from the column with Tris -HCl (20 mM, pH 7.5, 500 mM NaCl) containing 300 mM imidazol. Imidazol was then removed by desalting using a 60 ml Q-Sepharose (G-25) column. Protein content was determined by the Bradford method. To determine protein stability, 100 ml aliquots of the purified enzymes were added to 12 PCR tubes each and the heat treatment was performed for 1 h in a gradient PCR machine. The gradient was chosen from 60 to 808C. After this heat treatment, 3 Â 10 ml of each tube was added to 100 ml phosphate buffer (50 mM, pH 7.5) and activity was measured for 5 min after adding 10 ml p-nitrophenyl acetate solution (10 mM in DMSO). The activities of the untreated enzymes were measured in the same way.
The irreversible inactivation of the purified enzymes (50 mg/ml in phosphate buffer, 50 mM, pH 7.5) were followed at 222 nm using a circular dichroism spectrometer (Jasco, Groß-Umstadt, Germany). The temperature range was chosen from 10 to 958C and the heating rate was 18C/min.
Results
Setup of the screening procedure
First, we aimed for the establishment of a screening system to identify variants that show higher thermostability compared with the wild-type enzyme without collecting false positives. Initially, exclusively the wild-type enzyme was produced in a 96-well microtiter plate and the enzyme solutions were separated into two distinct plates. While one plate was stored at 48C, the other plate was heated for 16 h at 628C. Afterwards the activities against p-nitrophenyl acetate of the enzymes in both plates were measured spectrophotometrically. The quotient of activity after heat treatment (A r for residual activity) divided by the activity without heat treatment (A i for initial activity) was defined as the thermostability (value range between 0 and 1). The values determined for the variants produced in the diagonal A01 -H08 in the microtiter plate served as standard values to define a threshold that allows the precise identification of hits. The threshold line was set to 2.2 Â the average thermostability of the variants A01 -H08 plus its standard deviation, since none of the other 88 wild-type enzymes in the control plate exceeded this value (Fig. 1) . In the actual screening of mutant libraries, the wild type was co-produced in the wells A01-H08 in each plate serving as control and to be used for the definition of the threshold value for each particular screening plate.
Identification of the mutation sites by B-FITTER
Next, we identified the positions to be mutated by using the program B-FITTER (http://www.mpi-muelheim.mpg.de/kofo/ institut/arbeitsbereiche/reetz/reetz_e.html) that extracts and arranges amino acids from the pdb-file depending on their B-factors. Since the PFE has a homo-hexameric structure (Cheeseman et al., 2004) we determined the B-factors of all six monomers separately and calculated their averages. Surprisingly, some residues show remarkable differences in the B-factors between the different monomers. The 10 most flexible amino acids were all located on the surface of the protein (Fig. 2) and as explained by Reetz et al., lysine and arginine residues seem to be biased. To proof our concept, we choose positions 81, 86 and 87 for a simultaneous sitesaturation mutagenesis as all three ranked within these first 10 most flexible amino acids according to their average B-factors (Table I ). In addition, they are located in close proximity to each other and thus facilitate the library formation. To keep the size of the library manageable with respect to the screening effort, we applied a protocol to create 'small, but smart' libraries for focussed directed evolution that we developed recently as outlined in the next paragraph .
Alignment-guided creation of the mutants libraries
First, we determined the amino acids distribution at the two positions 81 and 87 in a set of 2813 structurally similar Fig. 1 Distribution of thermostability values (red) of wild-type PFE in order to define a threshold for hit identification; blue: average thermostability determined for the enzymes in the wells A01-H08; green: standard deviation of the thermostability values determined for the enzymes in the wells A01-H08; black: Threshold A r /A i ¼2.2ÂØ A r /A i(A01 -H08) þstandard deviation A r /A i(A01 -H08) , where A r is the residual activity; A i is the initial activity. Thermostabilization of an esterase enzymes (Fig. 3) . The alignment was created using 3DM (www.bio-prodict.nl), a computer program that enables the collection and the accurate structure-based sequence alignment of thousands of proteins (Kuipers et al, 2009; Leferink et al., 2009) . In case of PFE, a specifically designed database for a/b-hydrolase fold enzymes (http://fungen.wur.nl/ ABHDB) was used (Kourist et al., 2010) . Due to the generation protocol for this set of data, it can be assumed that for each position in PFE included in the alignment, amino acids can be identified on structurally equivalent positions in all of the included proteins. Hence, the determination of amino acid distributions is very accurate and representative. Since position 86 is not included in this specific alignment, because of its higher structural variability within the whole set of a/ b-hydrolase fold enzymes, the amino acid distribution was determined by comparing 238 sequences that were identified by the program to be structurally related to the PFE.
Subsequently, we chose those amino acids, which frequently occurred in the 3DM alignment (Fig. 3) assuming that they are beneficial to the overall structure and result in functional and active PFE. Next, we derived codons that encode the frequently appearing amino acids at these positions and created a mutant library by site-saturation mutagenesis (Library A, allowed) ( Table II) .
Analysis of the mutant libraries and characterization of improved variants
To compare the quality of mutant library A covering positions 81, 86 and 87 with a conventional site-saturation library using the codon NNK, we created an additional library in which all proteinogenic 20 amino acids are covered (Library NNK). Furthermore, a third library was created encoding only amino acids that appear in less than 2% at each position in the alignment (Library NA, not allowed). All amino acids that were identified as allowed and not allowed, the degenerating codons that were used for the creation of the libraries and the corresponding encoded amino acids are shown in Table II . Next, representative numbers of mutants within all three libraries were screened using the thermostability assay described in the section Materials and methods. For library A, 662 colonies were screened, whereas for libraries NNK and NA, 760 and 817 colonies were tested. The results from the screening of the three libraries are shown in Fig. 4 , where the thermostability for each mutant was plotted against its activity. As expected, the 3DM-derived library with most frequently occurring amino acids (library A) contained a significantly higher number of more active and stable variants compared with the NNK-derived library. In contrast, the library encoding rare amino acids contained mostly less active and/or stable members. Indeed, the number of desired stable variants was more than twice as high in library A compared with library NNK.
Interestingly, the additional site-saturation mutagenesis at all other positions identified by the B-FITTER (Table I) using the codon NNK revealed that only library A contained variants with improved thermostability while keeping the activity. The best mutant (E81N, K86R, E87D) found in library A showed an 88C increased T 60 50 -value, while its catalytic activity was similar to the wild type. This is a remarkable improvement as PFE already represents a relatively stable enzyme with an apparent melting point of 638C (measured by circular dichroism) making it even more challenging to get further improvements. Although the average quality of the 3DM-derived library regarding the occurrence of active and stable variants is obviously higher compared with the other two mutant libraries, it could not be ruled out that beneficial mutations were missed due to the preselection of amino acids during the library formation. Based on this assumption, all three positions were again saturated in an iterative manner using the identified best mutant as template. The difference between the formerly created NNK library is that only one position at the same time was saturated instead of a simultaneous mode, and that the template of that Table II . Amino acids identified by 3DM-analysis to be frequent (library A) or rare (library NA) on the three targeted positions, the codons that were used for the library formation and the corresponding residues that were incorporated into the three different libraries 
The particular primers that were used are shown in the section Materials and methods. The degenerating codons are marked with bold letters. additional mutagenesis already contained the best mutations that were identified before. In only one of the three targeted positions a slightly more stable mutant could be identified (R86L). Although this mutation was not taken into account while creating the mutant library due to its rareness in the alignment, the results shown above clearly prove that frequently appearing amino acids have a positive influence on the stability of a protein and thus the likeliness to find improved variants is substantially increased. Our concept seems especially suitable if large numbers of amino acid positions should be saturated simultaneously because of significantly decreased library sizes. The best variants and the wild type were further characterized with respect to their thermostabilities and kinetic constants in the hydrolysis of p-nitrophenyl acetate (Table III) .
Both the temperature at which 50% unfolding is observed under the test conditions used (circular dichroism at 222 nm) and the T 60 50 -value are 8 and 98C higher for the mutants compared with wild-type PFE. The T 60 50 -value represents the temperature at which the enzyme keeps 50% of its wild-type activity after 1 h of incubation. Most important is that the kinetic parameters are almost unchanged by the mutations.
Discussion
Natural enzymes have evolved over millions of years and all properties were optimized in parallel resulting in a precise adjustment of enzyme parameters such as specificity, stability and catalytic performance. The engineering of particular enzyme properties can thus destroy this evolutionary balance and result in a loss of protein stability. In experiments dealing with the PFE, we often observed the formation of protein aggregates when the structural changes to be performed were chosen too harsh, as for instance in the creation of protein chimeras (Jochens et al, 2009 ) and even if only point mutations were incorporated (Schmidt et al., 2006) . To address this challenge, Tawfik and Arnold suggested to use the principle of neutral genetic drift (Bloom et al, 2006 (Bloom et al, , 2007 Gupta and Tawfik, 2008) , which represents a kind of preselection of active and correctly folded variants from a directed evolution library to create a smaller, but better pool of mutants with respect to the chance to find variants with beneficial properties. It has been reported that in those libraries back-to-consensus mutations are accumulated, which lead to a higher stability on average (Tokuriki et al., 2008) . Thus, additional mutations that are naturally destabilizing could be accepted by the protein without ending up in protein aggregation because of a compensative effect.
We aimed for an alternative in protein engineering using the PFE as a model enzyme by creating a more stable variant that can easily accept destabilizing mutations. Since the B-FIT method established by Reetz et al. (2006) has been reported to drastically improve the stability of the B.subtilis lipase A (T 60 50 -value ¼ 458C higher than the wild type) we chose this method for our experiments. To limit the number of mutants to be screened in library A, we applied a recently established protocol to design mutant libraries for a simultaneous site-saturation mutagenesis that allows the creation of smaller libraries of higher quality . Due to the fact that the mutations to be allowed in the library are designed via an appropriate codon choice based on a structure-based multiple sequence alignment, back-to-consensus mutations are accumulated that have a positive impact to the stability. This protocol resembles an alternative strategy to mimic neutral genetic drift. This is performed without a preselection step by in vitro or in vivo methods, but was solely based on an in silico analysis using the a/b-hydrolase fold database in 3DM (Kourist et al., 2010) . Indeed, we were able to show that the influence to the overall distribution of stable and active variants is significantly better than in an NNK-derived library. Furthermore, the amino acids that appear rarely on the targeted positions were identified to be responsible for the loss of stability. Due to this fact, the chance to find variants that show an even higher stability than the wild type is increased compared with conventional (focussed) directed evolution experiments. Indeed, we could find a variant showing a remarkable increase of stability (T m increased by 88C) within the 'small, but smart' library. The subsequent iterative saturation mutagenesis of the three positions in library A taking our best variant as a template resulted in a slightly better mutant (T m increased by 98C) with a mutation not considered beneficial by the 3DM analysis. As the T m was only 18C higher, this increase can be considered marginal. One very practical benefit of the in silico design of the 'small, but smart' library is the reduction of the library size from 3 million to only 10 000 (to cover 95% of all possible combinations (Reetz et al., 2008) ), while at the same time the chance to find variants with improved thermostability is increased substantially due to the high hit rate observed, which makes our method a reasonable compromise between screening effort and probability to find desired mutants. Reetz et al. suggested the use of a reduced amino acid alphabet instead of introducing all possible proteinogenic amino acids. This alphabet that is encoded by the degenerating codon NDT includes all kinds of amino acid properties such as polar and nonpolar, aliphatic and aromatic, negatively and positively charged in only 12 different codons and thus reduces the library size. In contrast to our approach this limitation is independent from the naturally amino acid distribution on the targeted positions and thus has no predictable effects to the quality of the library (Reetz et al., 2008) .
Moreover, the stabilizing effect to the PFE by a 98C improved melting point is remarkable taking into account that the starting enzyme already showed a quite high thermostability. As described above, the prediction of mutational effects as well as the identification of molecular reasons for the increased thermostability remains difficult and speculative. Although unobvious at a first glance, the mutations are likely to cause a lower flexibility of the overall structure as suggested by the idea of the B-FIT method.
